Abstract: Objective: To compare the archwires inserted during the final stages of the orthodontic treatment with the generated moments at 0.018-and 0.022-inch brackets. Materials and Methods: The same bracket type, in terms of prescription, was evaluated in both slot dimensions. The brackets were bonded on two identical maxillary acrylic resin models, and each model was mounted on the orthodontic measurement and simulation system. Ten 0.017 × 0.025-inch TMA and ten 0.017 × 0.025-inch stainless steel archwires were evaluated in the 0.018-inch brackets. In the 0.022-inch brackets, ten 0.019 × 0.025-inch TMA and ten 0.019 × 0.025-inch stainless steel archwires were measured. A 15°buccal root torque (+15°) and then a 15°palatal root torque (-15°) were gradually applied to the right central incisor bracket, and the moments were recorded at these positions. A t-test was conducted to compare the generated moments between wires within the 0.018-and 0.022-inch bracket groups separately. Results: The 0.017 × 0.025-inch archwire in the 0.018-inch brackets generated mean moments of 9.25 Nmm and 14.2 Nmm for the TMA and stainless steel archwires, respectively. The measured moments in the 0.022-inch brackets with the 0.019 × 0.025-inch TMA and stainless steel archwires were 6.6 Nmm and 9.3 Nmm, respectively. Conclusion: The 0.017 × 0.025-inch stainless steel and -Ti archwires in the 0.018-inch slot generated higher moments than the 0.019 × 0.025-inch archwires because of lower torque play. This difference is exaggerated in steel archwires, in comparison with the -Ti, because of differences in stiffness. The differences of maximum moments between the archwires of the same cross-section but different alloys were statistically significant at both slot dimensions. To compare the archwires inserted during the final stages of the orthodontic treatment with the generated moments at 0.018-and 0.022-inch brackets. Materials and Methods: The same bracket type, in terms of prescription, was evaluated in both slot dimensions. The brackets were bonded on two identical maxillary acrylic resin models, and each model was mounted on the orthodontic measurement and simulation system. Ten 0.017 3 0.025-inch TMA and ten 0.017 3 0.025-inch stainless steel archwires were evaluated in the 0.018-inch brackets. In the 0.022-inch brackets, ten 0.019 3 0.025-inch TMA and ten 0.019 3 0.025-inch stainless steel archwires were measured. A 15u buccal root torque (+15u) and then a 15u palatal root torque (215u) were gradually applied to the right central incisor bracket, and the moments were recorded at these positions. A t-test was conducted to compare the generated moments between wires within the 0.018-and 0.022-inch bracket groups separately. Results: The 0.017 3 0.025-inch archwire in the 0.018-inch brackets generated mean moments of 9.25 Nmm and 14.2 Nmm for the TMA and stainless steel archwires, respectively. The measured moments in the 0.022-inch brackets with the 0.019 3 0.025-inch TMA and stainless steel archwires were 6.6 Nmm and 9.3 Nmm, respectively. Conclusion: The 0.017 3 0.025-inch stainless steel and b-Ti archwires in the 0.018-inch slot generated higher moments than the 0.019 3 0.025-inch archwires because of lower torque play. This difference is exaggerated in steel archwires, in comparison with the b-Ti, because of differences in stiffness. The differences of maximum moments between the archwires of the same cross-section but different alloys were statistically significant at both slot dimensions. (Angle Orthod. 2014;84:149-154.) 
The 0.018-inch bracket system was developed as an adaptation to the higher stiffness of stainless steel that would allow the material to be used for torquing control. Heavier archwires in a larger slot are too stiff for any application other than stabilization. 1 A disadvantage of the 0.018-inch slot is that in many instances insufficient play between the wire and the bracket is present in applications where a heavier wire is needed. 2 Additionally, precise delivery of torsional moment in the oral cavity is difficult because the working range in torsion of stainless steel wires is somewhat limited. 3 Advances in metal manufacturing technology introduced variable-modulus orthodontics, which takes advantage of different alloys in archwire selection while maintaining the same or similar cross sections. The major benefit of this treatment approach is that before selecting the wire, the clinician can determine the amount of play that is required according to the desired movement type or treatment stage and irrespective of the material stiffness of the archwire. Now, because of the potential for varying the modulus, it appears that the larger slot size (0.022 inch) is more desirable as the clinician is no longer dependent on wire size for stiffness. Furthermore, the use of a larger slot allows for preferential orientation so that ribbon wires can be used. 2 The material stiffness of the archwire could be determined with the aid of relative bending and torsional stiffness indices for various archwire composition/size combinations depicted on nomograms. 4 Thereafter, considerable research has been conducted evaluating the torquing efficiency of various archwires into conventional and self-ligating brackets. [5] [6] [7] [8] [9] [10] [11] [12] [13] Direct comparison of these results is difficult because of differences in configurations and testing devices. Moreover, bracket positioning and small variations in curvature of the crowns or thickness of the adhesive could affect the generated moments and thus the final buccolingual tooth inclination. 14, 15 The 0.018-and 0.022-inch bracket systems were compared regarding treatment duration, 16 ,17 treatment outcome, 17 and torque efficiency of stainless steel and NiTi archwires. 13, 18 The latter archwires have poor formability and cannot be used for torquing single teeth. Beta-titanium wires provide a combination of adequate springback, average stiffness, and good formability, and they can also be welded to auxiliaries. 19 The aim of the present study was to assess the effect of archwire composition between 0.018-and 0.022-inch appliances on the moments generated in the sagittal plane on a central incisor from b-Ti and stainless steel rectangular archwires.
MATERIALS AND METHODS

Experimental Apparatus
The orthodontic measurement and simulation system (OMSS), a measuring device invented at the University of Bonn, is capable of complete threedimensional registering of the orthodontic biomechanical systems during movement of the selected dental regions. 20 This allows the evaluation of the forces and moments generated during the deactivation of a specific orthodontic mechanism or during the simulation of the desired tooth movement. 21 The OMSS is based on the principle of the two-tooth model and consists of two independently controlled positioning tables on which are mounted the regions in question. These tables are equipped with six-component force/ torque sensors that are connected to a central personal computer, which calculates the tooth movement with the aid of a mathematical model. Subsequently, the positioning tables are moved along the specified path. In the present experiment, the OMSS simulated the rotation of a central incisor in the sagittal plane and recorded the moments generated during this movement.
Configuration and Materials
In this study, 0.018-and 0.022-inch brackets (Mini Diamond Twin, ORMCO, Orange, Calif) were used to evaluate the different archwires. The torque prescription in the central incisor/lateral incisor/canine/premolar brackets was 22u/14u/7u/0u, respectively, and the angulation was 5u/8u/10u/0u, respectively. Brackets up to the second premolars were bonded on two identical maxillary acrylic resin models with a leveled and aligned dental arch. Ideal stainless steel archwires were used to passively bond the brackets onto the models: 0.018 3 0.025-inch and 0.021 3 0.025-inch for the 0.018-and 0.022-inch brackets, respectively. The torque-force sensor of the OMSS was bonded on the right central incisor (11) bracket, and all the measurements were conducted on that tooth. These ideal archwires were used for the initial calibration of the system, and all forces/moments were nullified at this time (Figure 1) .
In the 0.018-inch series, ten 0.017 3 0.025-inch stainless steel and 10 TMA archwires of the same cross section (ORMCO) were measured. The same number of 0.019 3 0.025-inch stainless steel and TMA archwires were evaluated in the 0.022-inch series (ORMCO). The same investigator constructed all archwires with the aid of a template made from a photocopy of the resin model. For the ligation of the archwires into the brackets, 0.120-inch elastomeric ligatures were used (molded ''O'', ORMCO).
The torque simulation by the OMSS involved rotation of the bracket along the central axis of the slot up to 15u buccally (+15u) and afterwards palatally (215u). These movements were accomplished in steps of 0.5u. The moments were recorded at both end positions. After each rotation cycle, the bracket returned to its initial position. Each measurement was repeated once after re-ligation. The measuring range of the torquing moments in OMSS was 6450 Nmm, and the torque threshold was 0.2 Nmm. The OMSS during the measurement cycles was installed in a temperature-controlled chamber (VEM 03/400, Vö tsch Heraeus, Hanau, Germany).
Statistical Analysis
The mean value of the two repeated measurements in every specimen of the generated moments was calculated at the maximum rotation separately for +15u and 215u. Student t-tests were used to compare generated moments between wires at 0.018-and 0.022-inch brackets separately, at 215u and +15u. All statistical analyses were performed with Stata 12.1 (Stata Corp, College Station, Tex).
RESULTS
Similar values were recorded between 615u in the 0.018-inch brackets. The insertion of a 0.017 3 0.025-inch TMA archwire generated mean moments of 9.25 Nmm in the central incisor (9.2 Nmm at +15u and 9.3 Nmm at 215u). In the same configuration but with a 0.017 3 0.025-inch stainless steel archwire, the measured mean moment was 14.2 Nmm (14.3 Nmm at +15u and 14.1 Nmm at 215u) ( Table 1) .
In the 0.022-inch slot brackets, the 0.019 3 0.025-inch TMA archwire yielded 6.6 Nmm, and the stainless steel of the same cross-section yielded 9.3 Nmm (Table 2, Figure 2 ). The same values were recorded between 615u in the 0.022-inch brackets.
Four independent t-tests were used for statistical inferences, as shown in Tables 1 and 2 . All four comparisons from the t-test were highly significant (P , .001).
DISCUSSION
The configurations evaluated could be used in clinical practice during the final stages of orthodontic treatment. Heavier archwires are rarely used in the 0.022-inch slot. 9 According to the present results, the maximum efficiency in torquing teeth with stainless steel or TMA archwires derives at the 0.018-inch slot, but it is under debate whether these torque values are tolerable regarding resorption hazard. The time of treatment with rectangular archwires contributed significantly to apical root resorption, 22 and teeth that had been moved for a longer time or with a higher magnitude of applied moments showed a higher degree of root resorption in width and depth. 23 Surprisingly, lower moment magnitudes were found to induce root resorption, too. 24 Ideal torque magnitude and torque threshold for root resorption are difficult to define. The etiology of root resorption is multifactorial and cannot be explained by mechanical factors alone. Additionally, at a given moment magnitude, the stresses on the periodontium are theoretically influenced by the location of the center of rotation and its relation to the center of resistance. The latter may change over time, even for the same tooth, because of the varying degree of periodontal anisotropy. 25 A changing center of rotation during orthodontic movement is the rule rather than the exception; that is, different types of orthodontic movement might be involved in the movement path. 26 An additional factor that could differentially accelerate root resorption in clinical cases using the setup of this experiment is the root proximity of the anterior teeth to the palatal cortical plate. 27, 28 As a result, the present findings could be used for comparison purposes but should not be regarded as absolute determinants of the ideal torquing efficiency of the various wire-bracket configurations.
The differences in torque measurements detected in the present study between slot types are attributed to differences in wire material and cross section as well as in torque loss between the two systems. The 0.017 3 0.025-inch archwires in the 0.018-inch slot generated higher moments than the 0.019 3 0.025-inch archwires because of lower torque play. The increase in the 0.018-inch system was about 40% in TMA and 50% in steel archwires. Theoretically, the torque play could be estimated, using appropriate tables or formulas, at about 7-8u in the 0.022-inch slot and half that amount for a 0.017 3 0.025-inch in the 0.018-inch slot. 1, 29, 30 However, various experimental configurations revealed that torque play is actually higher in conventional 5, 6, 31 and self-ligating bracket systems.
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Moreover, a recent clinical investigation suggests that play is more exaggerated in passive self-ligating brackets than in active ones. 32 The inconsistency in torque play assessments between theoretical calculations and experimental configurations could be attributed to dimensional inconsistency of archwire and bracket as well as to rounded wire edges. 3, 30, 31 In addition, the bracket slot could be tapered slightly, resulting in further torque-loss fluctuations between archwires of different cross sections. 3 The OMSS model approximates the clinical situation, and the torque loss is notably higher than in the in vitro activating experiments. This is because the adjacent teeth give the archwire additional play; 5 that is, both the play in the bracket receiving the torque and in the brackets delivering the torque must be negated. 33 The differences in torque measurements detected in the present study within each slot type are attributed to differences in wire material and cross section. In the 0.018-inch slotted system, an increase of about 55% was noted at the 0.017 3 0.025-inch stainless steel archwire in comparison with the 0.017 3 0.025-inch TMA. The respective increase in the 0.022-inch slot/ 0.019 3 0.025-inch archwire system was about 41%. Initial research has shown that, in torsion, the elastic property ratios of an 0.019 3 0.025-inch b-Ti wire are virtually identical to those of an 0.018-inch SS wire, and a steel 0.017 3 0.025-inch or 0.019 3 0.025-inch archwire has triple the stiffness of a TMA of the same cross section. 4 Further experiments concluded that steel and chrome-cobalt are a little less than twice as stiff as TMA and are four times stiffer than Nitinol in torsion. 33 Regarding stainless steel archwires at 15u of torsion, further increase of the cross section from 0.017 3 0.025-inch to 0.018 3 0.025-inch in the 0.018-inch slot could double the moment magnitude. In the 0.022-inch slotted system, the increase of the 0.019 3 0.025-inch to 0.0215 3 0.028-inch could triple the moment magnitude. 13 The differential effect of the interbracket wire length in torsion between the different archwires 34 is minimized in the present experiment because models and brackets were identical. In any event, there are no exponential effects of length in torsion; in other words, stiffness in torsion is inversely proportional to length, and as a result, changes in length are not as powerful modifiers as they are in bending. 1 Elastic ligatures were used during all the measurements cycles. These ligatures have a restraining effect that will lead to a small delivery of torque even though the play between wire and bracket has not been eliminated. This amount of torque is low, and its clinical effect is doubtful. 33 In a previous study, it was found that after the elimination of archwire play and in torsion levels up to 40u, the torque moment with elastic ligation was significantly lower than with wire ligation, a difference that was not observed when using full slot size wires. 13 According to these findings, the elastic ligation used in the present study with the 017 3 025-inch archwire in the 0.018-inch slotted brackets could have insubstantially influenced moment magnitudes. But this is not the case in the 0.022-inch brackets. The elastic ligatures used with the 0.019 3 0.025-inch archwires could have lowered the measured moments at about 20%. Dimension and polyurethane composition influence the seating force of the elastic ligature, 35 and therefore, the findings of this study are not directly comparable to the present results. The indisputable disadvantage of elastic ligatures is their rapid force decay-which could exceed 50% in 24 hours-a fact rendering the engagement of the wire into the slot flexible and incomplete. Steel ligatures should be preferred in cases of maximum torque demands. 35, 36 The force system generated by an orthodontic mechanism is not the sole determinant of the final tooth movement. The anisotropic periodontal ligament and the saliva mediate between activation and tooth response. The experimental setup used in this investigation is a model that approximates very well the clinical situation where forces and moments are exerted by an archwire onto brackets, but the aforementioned factors, as well as intraoral aging, could influence the force system that experience the teeth.
CONCLUSIONS N The 0.017 3 0.025-inch stainless steel and b-Ti archwires in the 0.018-inch slot generated higher moments than the 0.019 3 0.025-inch archwires because of lower torque play. This difference is exaggerated in steel archwires, in comparison with the b-Ti, because of differences in stiffness. N Within each slot system, the b-Ti archwires generated lower moment than their stainless steel analogs. This difference was magnified in the 0.018-inch slot because of lower torque play.
